Abstract-Developmental brain malformations often cause intractable and in many cases generalized and/or multifocal seizures. Surgical intervention is not possible in these cases as it is difficult to isolate the epileptogenic foci. Scalp EEG signals recorded during such seizures include coupled contributions from different sources. If it was possible to decouple these contributions based on differences in both their signatures and inter-arrival times at different electrodes, it would subsequently be possible to estimate the locations of the seizure foci. For this purpose, we applied matched filtering to scalp EEG data from 3 patients with multifocal seizures, using patient-specific source-related short EEG segments as the template waveforms. These segments were assumed to be seizure-related based on distinct sets of inter-arrival times at different channels and alternating signal polarities. We present preliminary results and demonstrate that matched filtering can be successfully applied to extract decoupled signal components from the EEG, generated by potentially distinct sources, and thus with distinct inter-arrival times but partially overlapping spectra.
I. INTRODUCTION
Abnormal cortical development often results in structural brain malformations and associated functional and cognitive impairment. Brain malformations, including cortical heterotopia, polymicrogyria, and lissencephaly are often also the cause of intractable epilepsy, usually characterized by generalized and/or multifocal seizures [5] [3] [10] . Epileptogenesis associated with these malformations is poorly understood, given the heterogeneity of associated seizures. In addition, multifocal seizures are difficult to localize and ictal EEG patterns are difficult to characterize due to the complexity of the EEG time series resulting from coupled signal contributions associated with multiple foci. Yet, it is important to understand the complexity of these seizures and estimate their foci, particularly for therapeutic purposes such as surgical intervention, which may be possible only if distinct seizure foci can be accurately localized.
Accurate seizure focus localization from scalp EEG is often difficult, due to the ambiguity of the source of recorded potentials. In the case of multifocal seizures, localization is particularly challenging and requires more complex models than the often assumed equivalent dipole [7] . Ideally, to accurately localize the seizure foci, their distinct contributions to the EEG signal should be decoupled prior to time-delay estimation and spatial model assumptions. Simple filtering is not appropriate, given that these signals have similar power distributions in the same frequency bands. More complex methods have been proposed, such as blind source separation, independent component analysis and their variations [6] [4] [1] . However, several of these methods require statistical independence of signals which typically cannot be assumed. In theory, if the source waveforms were known and distinct, matched filtering could be applied to the original EEG to decouple these contributions. However, this is rarely the case, given the intra-and interpatient heterogeneity of seizure signatures. Matched-filtering may also be used to eliminate EEG artifacts, due to eye blinking or muscle movement. The eye blinking waveform may be extracted from the data during quiescent periods of the recordings. The muscle artifact, particularly when coupled to the seizure signal, is more difficult to isolate, but is typically a high frequency signal. In this study, we applied matched filtering using short seizure-related and eye blinking-related EEG segments, directly extracted from EEG recordings from 3 patients with seizures. We also used the highest mode of the EEG signal (with modal frequency above 80 Hz) to eliminate at least the high-frequency component of the muscle artifact [14] . Our preliminary results indicate that it is possible to decouple separate processes even if their spectra overlap. In particular, in all patients we identified two different processes, a high frequency-dominant process (> 20 Hz) at seizure onset and lower frequency processes (< 15 Hz), dominant during the entire duration of the seizure. The latter were not solely associated with the typical low-frequency steady state brain oscillations but did share the same frequency band.
II. MATERIALS AND METHODS
All data were recorded at Beth Israel Deaconess Medical Center, Boston MA. Scalp EEG recordings from 3 patients with seizures were analyzed in this study. The 16-channel data
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were sampled at 200 Hz. The 60 Hz noise typically seen in the EEG signal was filtered out using a 2nd order elliptical stopband filter with 1.5 Hz bandwidth. The data were filtered in both directions to eliminate potential phase shifts associated with the non-zero phase of the filter. The highest mode of the EEG signal corresponding to frequencies above 80 Hz was extracted using a mode decomposition technique [14] .
III. APPLICATION OF MATCHED FILTERING TO EEG
The match filter, also referred to as the coherent detector, is a quasi-optimum linear filter h(t) which maximizes the output signal-to-noise ratio (SNR) and thus improves the detection of a known signal. It is not frequency band-specific but is instead used to extract a particular waveform from a contaminated by noise signal. The SNR to be maximized is given by:
where σ 2 is the variance of additive system noise to the observed signal. Thus, y(t) is convolved with the filter h(t) to obtain the matched-filtered signal y MF (t). The filtered signal y MF is given by:
(2) The filter that maximizes the SNR in Equation 1 is the timereversed signal y(−t). In this study we applied matchedfiltering for two purposes: i) to eliminate artifacts, commonly seen in scalp EEG, by eliminating the matched-filtered signals from the original signals, and ii) to extract signal contributions from potentially different epileptic foci. Figure  1 shows the spectra of the original 16 channel EEG time series, recorded from one patient during a seizure. It is clear that there are several processes with overlapping frequency content that contribute to the EEG signal. In addition, there is significant spatio-temporal variation of the seizure-related signal power. Eye blinking-related artifacts are typically lowfrequency events (<10 Hz), whereas the peak power of the muscle-related artifact is in the higher frequency range (>60Hz). Therefore, the frequency distribution of the EEG power prior to the seizure onset (estimated at 102 s), at least in some channels, e.g., Fp1-F3, Fp2-F4, cannot be attributed predominantly to these artifacts. Seizure-related processes may, therefore, give rise to such a distribution, and we address this in more detail in the following section.
IV. ANALYSIS
Raw EEG signals were first pre-processed using matched filtering to eliminate the eye blinking artifact. Several methods have been proposed for this purpose, from simple high-pass filtering to more sophisticated methods [13] [11] [16] . Here we isolated the eye blinking signature from a quiescent period during the recording, and used this signal as the template. Using a 1s sliding window, we match-filtered the entire recordings. The resulting signals were artifact-enhanced and otherwise suppressed signals, which we then eliminated from the original signals. The width of sliding window was based on 6 dB SNR threshold on the low-frequency power (<10 Hz). An example of an EEG segment and its spectrum, pre-and post-filtering, is shown in Figure 2 . The EEG signal may also be contaminated by the muscle artifact. In these particular EEGs there are were no quiescent periods (high SNR), in which this artifact was present and could be extracted. Instead, the artifact was coupled to the seizure signal. To at least remove the high-frequency component contribution of this artifact, rather than simply applying a low-pass filter, we extracted the highest modes of the signal (with modal frequencies above 80 Hz) and used that as the template signal. The high-frequency enhanced matched-filter signal was subsequently eliminated from the original signal. An example is shown in Figure 3 . Eliminating the highfrequency modes of the signal is essentially a form of lowpass filtering. However, instead of using an arbitrary cutoff frequency, the signal-specific highest modal-frequency was implicitly assumed as the cutoff frequency in matched filtering. Seizure-specific waveforms, and the location and proximity of epileptic foci are unknown. Thus, the contribution of one source to the signal emanating from another is also unknown. We assumed that different processes contribute to the EEG waveform, possibly from distinct seizure foci. To identify corresponding waveforms, we used the arrival times of the primary (of highest power) seizure signal, and time-delays at different channels. We examined the EEG time series for waveforms in which the polarity of the signal changed at different channels, an indication of the possible presence of dipole sources. An example is shown in Figure 4 . For all recordings, it was possible to extract several related waveforms, the low-frequency component characteristic of the quiescent EEG, and two higher frequency segments, one periodic and the other burst-like during the seizure. Matched filtering with the low-frequency periodic signal is shown in Figure 5 (a). Original and filtered spectra of channels at different scalp locations are shown in Figures 5(b) and (c).
(a) Template, original and filtered spectra (Fp1-F3) (b) Original and filtered spectra (Fp1-F3, F3-C3 ).
(c) Low-frequency matched-filtered spectra (Fp1-F3, F3-C3) . The application of the higher frequency matched-filter resulted in at least 5 dB average increase in the EEG power during the seizure in that frequency range, and at least 7-10 dB power decrease in frequency ranges outside that of the template signal. This SNR may be further improved by choosing a shorter window centered at the high-frequency waveform, to reduce the inclusion of lower-frequency background oscillatory activity. Given that both matched-filtered signals have significant power in these bands, simple high-pass filtering would have eliminated these components. Matched-filtering using the lower frequency waveform resulted in a 15-20 dB decrease in the EEG power during the seizure in frequencies above 15 Hz and an average 5 dB increase below 15 Hz. This filter behaved more as a typical low-pass filter.
We followed the same procedure for the other 2 patients analyzed in the study and obtained similar results. Figure 6 shows an example of EEG recordings from a second patient with multifocal seizures, at two channels and corresponding matched-filtered signals. Similarly to the first patient, the low-frequency template acted as a low-pass filter on the signal. In all patients both low-and mid-frequency processes were detected with distinct inter-arrival times at different channels. Such processes have been reported before and have been distinguished based on their waveforms, not time-delays, and thus their simultaneous presence in the EEG has not been specifically attributed to different seizure foci [7] .
V. DISCUSSION
We have presented preliminary results from the application of matched filtering to seizures to eliminate artifacts, extract seizure-related EEG features and decouple signal contributions possibly from distinct seizure foci. Matched filtering has been used in several studies for seizure detection purposes [12] [8] [7] [9] . The limitation of the method is that it requires a priori knowledge of the seizure waveform to be used as the template filter signal. However, these waveforms are highly heterogeneous even for a single patient and thus the template must be carefully extracted on a patient-and seizure-specific basis. The eye blinking artifact was extracted from the EEG and the normalized, artifact-enhanced matched-filtered signal was eliminated from the original signal. The highest mode of the residual signal was also used as a 'negative' match-filter to eliminate the high-frequency component of EEG segments contaminated by the muscle artifact. We subsequently extracted both higher frequency (> 15 Hz) and lower frequency waveforms from the EEG during seizures. These were identified based on the variation of the waveform polarity at different channels, indicating the possible presence of at least one dipole source, and their distinct inter-arrival times, indicating the presence of sources at different locations. We were thus able to extract different signal components from the EEG preserving their common frequency content. The results presented here are only preliminary. It is important to choose the match-filter template appropriately, given that it is a data segment itself, and thus possibly contaminated by unrelated to the seizure noise. One way to overcome this problem is to seek similar signatures throughout the duration of the seizure (which is often characterized by synchronized repetitive spiking) and average over these signatures to obtain a less noisy template. Another way is to smooth the extracted template. Nevertheless, matched-filtering is a promising technique for identifying and decoupling EEG features from different seizure foci, as long as these have sufficiently distinct signatures. Validation of this method may be achieved through localization, assuming a particular source model, and solving the forward problem, i.e., estimating the resulting EEG signals and comparing them to the data.
